Coal gangue-based cemented backfill material (CGCBM) is developed for backfilling the goaf in coal mines. As fresh CGCBM slurry is generally transported into underground openings through a pipeline, and after hardening, it plays the role of supporting the overlying strata. e fluidity, stability, and mechanical (compressive strength) of CGCBM become the most important properties. Adding water-reducing agents (WRAs) is considered to improve the fluidity, stability, and mechanical properties of CGCBM, but there is a risk of increased bleeding. So, two types of WRA (naphthalene series (WRA1) and poly carboxylic acid (WRA2)) are used at different contents (1.0%-2% for WRA1, 0.2%-0.6% for WRA2) by mass of binder. Slump, slump flow, yield stress, and plastic viscosity test are used to evaluate the fluidity properties of CGCBM after adding WRA. Bleeding rate test is used to evaluate the stability of CGCBM after adding WRA. Compressive strength is the most important factor in measuring the mechanical properties. SEM and XRD tests are used to analyse the mechanism of strength change. Results show that the slump, slump flow, and plastic viscosity increase after adding WRA, which reduces the yield stress and improves the fluidity. e bleeding rate increases with the increase of WRA content, leading to a decrease in stability. Adding WRA increases the compressive strength, and it increases first and then decreases with the increase of the content at the later stage. Considering the effects of WRA on the fluidity, stability, and compressive strength properties of CGCBM, the reasonable content of WRA1 and WRA2 is 1.5% and 0.4%, respectively. e research results provide guidance for the design and preparation of CGCBM with favourable performance in practical production.
Introduction
Underground coal mining produces a large amount of coal [1] and also generates a large number of underground openings and discharges a large amount of coal gangue. It is reported that about 4.5 billion tons of coal gangue are piled up in China [2] , causing serious environmental concern. On one hand, coal gangue stacking occupies a lot of arable land, and coal gangue contains a large amount of sulfide, which will infiltrate and then pollute the land and groundwater [1, 3] . On the other hand, coal gangue may cause auto ignition and generate a large amount of sulfide gas, which damage the atmospheric environment and threaten human health [4, 5] . At the same time, a large number of underground openings will cause surface subsidence, which will cause the village to relocate and cause a lot of economic losses. Coal gangue-based cemented backfill material (CGCBM), which is an engineered mixture of crushed coal gangue, fly ash, cement, and water, is designed for mine backfill [6] [7] [8] . It effectively solves the problems of coal gangue stacking and surface subsidence [9, 10] .
Although CGCBM technology has certain environmental and economic benefits, the cost and transportation of filling slurry preparation are still worrying. e report suggested that the slurry filling method consumes a large amount of binder (10 5 tons per year), accounting for backfilling eighty percent of the cost. Generally, filling slurry is prepared at the ground mixing station and then transported to the underground openings, so it needs to be mixed with enough water to ensure good fluidity [11] . However, the increase in the amount of water in the backfill material increases the water-to-cement ratio, resulting in a decrease in the strength and durability of the backfill material after hardening [12] .
In the view of this challenge, scholars have referenced the research of concrete technology to add water-reducing agents (WRAs) to the backfill material to reduce the amount of mixed water and to improve the strength and durability of the backfill material on the premise of ensuring flow performance [13, 14] . A lot of researches have been done on the effect of water-reducing agents on the properties of backfill material. Ercikdi et al. reported that adding the superplasticizer to the cemented paste backfill (CPB) formulation can reduce the amount of binder and enhance CPB durability [15] . Indeed, Ercikdi et al. confirmed that superplasticizers have some chemical admixtures that meet the fluidity and also the increasing strength and durability of the backfill material with reduced water content. e amount of superplasticizer for lignosulfonate, naphthalene sulfonate, and polycarboxylate was 7%, 6%, and 5.4% (by dry binder mass), respectively, to reach the designed slump (7 inches). e authors reported that superplasticizers reduced water content (∼6.6%), enhanced mechanical properties (20-50%), and improved durability [16] . Huynh et al. defined these additives as organic polymer molecules and found that they have the ability to adsorb on cement and coal gangue particles and therefore disperse them by internal electrostatic and spatial forces, affecting CPB rheological properties [17] . Papayianni et al. reported that superplasticizers will significantly reduce CPB porosity and permeability, thereby affecting the microstructure of CPB [18] . Uchikawa et al. found that binding energy of the calcium atoms on the surface of cement particles have a certain degree of chemical shift when naphthalene series WRA and the poly carboxylic acid WRA mixed into the materials, which indicated that the chemical reaction occurred between calcium and the active group of WRA and can enhance strength [19] . Ercikdi et al. studied the effect of the WRA on CPB material with a high content of sulphur tailings and concluded that mixing of WRA has optimized effect on the flowability, compressive strength, and long-term stability of CPB and poly carboxylic acid WRA was more effective for the enhancement of strength [20] .
Although the above studies on CPB have achieved important results, however, additional data is required, because these results cannot be directly applied to CGCBM, CPB is very different from CGCBM in material composition, CPB uses tailings as aggregate and has a large amount of cement, and CGCBM uses coal gangue with different particle sizes as aggregates and has a small amount of cement. erefore, it is necessary to obtain more data on the amount of WRA in CGCBM, which is related to the cost of filling and the effect of water reducer on the fluidity, stability, and mechanical properties of CGCBM.
In this research, effect of WRA types and dosage on the CGCBM performance is studied by measure rheological property, bleeding rate, and compressive strength for different ages of CGCBM. e change of microstructure characteristics in hydration products of specimens was observed by scanning electron microscopy (SEM), and X-ray diffraction (XRD) technology was used to determine the reddish-brown substance of specimen. Determine the reasonable amount of WRA according to the fluidity, stability, and mechanical properties of the CGCBM.
Materials and Methods

Materials and Mix Proportion
e coal gangue used in this study was collected from Xinyang coal mining located in eastern China, and the mineral content is shown in Table 1 . e sampled coal gangue was reprocessed to create two grain size classes corresponding to fine aggregate (the particles diameter <5 mm) and coarse aggregate (the particles diameter is 5∼15 mm). e proportion of fine and coarse aggregate is 3 : 7. 
Water-Reducing Agents.
Two different water-reducing agents (WRA1 and WRA2) were used to modify the performance of backfill materials. WRA1 and WRA2 are naphthalene series water-reducing agent and poly carboxylic acid water-reducing agent, and the recommended dosages are 0.5%-2.0% and 0.2%-0.6% by mass of binder, respectively.
Mix Proportion.
In this study, the control mass ratio cement: fly ash: coal gangue is 1 : 2:5 and water-binder ratio is 0.67, which is on the previous research [21] . When a WRA is admixed, the water-binder ratio decreased to 0.6 and the dosage of WRA1 and WRA2 are 1.0%, 1.25%, 1.5%, 1.75%, 2.0% (numbered N1-N5) and 0.2%, 0.3%, 0.4%, 0.5%, 0.6% (numbered J1-J5) by weight of cement, respectively. e dosage is in the recommended range.
Methods
Rheological Behaviour Test.
In this study, four different indexes, i.e., slump, slump flow, yield stress τ 0 , and plastic viscosity η were measured to describe the fluidity of fresh CGCBM. e former two indexes were determined by the slump and spread diameter test, which is currently the most used method [22] , and can be conveniently used in the field, and it was conducted according to ASTM C143 [23] . e latter two were measured by a concrete rheometer (as shown in Figure 1 ), which is composed of a container to hold the fresh CGCBM, a four-blade vane that is held by the chuck on the driver, a frame to attach the driver/vane assembly to the top of the container, a laptop computer to 2 Advances in Materials Science and Engineering operate the drive, record the torque during the test, and calculate the flow peters.
Bleeding Rate Test.
Bleeding rate test is conducted according to ASTM C 232-14 [24] . e apparatus used in the bleeding test are container, a cylindrical container of approximately 14L (1/2 ft 3 ) capacity, having an inside diameter of 255 ± 5 mm (10 ± 1/4 in) and an inside height of 280 ± 5 mm (11 ± 1/4 in), scale, pipet, glass graduate, tamping rod, metal beaker, and hot plate.
During the test, maintain the ambient temperature between 18 and 24°C (65 and 75°F). Immediately after trowelling the surface of the specimen, record the time. Place the specimen and container on a level platform or floor free of noticeable vibration, and cover the container to prevent evaporation of the bleed water. Keep the cover in place throughout the test, except when drawing off the water. Draw off (with pipet or similar instrument) the water that has accumulated on the surface at 10 min intervals during the first 40 min and at 30 min intervals thereafter until cessation of bleeding, recording the time of last observation. To facilitate the collection of bleed water, tilt the specimen carefully by placing a block approximately 50 mm (2 in) thick under one side of the container 2 min prior to each time the water is withdrawn.
After the water is removed, return the container to a level position without jarring. After each withdrawal, transfer the water to a 100 mL graduated cylinder. Record the accumulated quantity of water after each transfer. If it is desired to determine the mass of the bleed water and to exclude the material present other than the water, carefully decant the contents of the cylinder into a metal beaker. Determine the mass and record the mass of the beaker and its contents. Dry the beaker and its contents to constant mass and record the final mass. e difference between the two masses, D, is equal to the mass of the bleed water. e mass of the sludge shall also be obtained. Calculate the accumulated bleed water, expressed as a percentage of the net mixing water contained within the test specimen, as
where C is mass of net mixing water in the test specimen, g; W is the total mass of the batch, kg; w is the mass of net mixing water in the batch (the total amount of water minus the water absorbed by the aggregates), kg; S is the mass of the specimen, g; D accumulated mass of the bleed water, g, (total volume with drawn from the test specimen in ultiplied by 1 g/mL).
Samples Preparation and Compressive Strength Test.
Compressive strength test is conducted according to GB/T 50081-002 [25] . A number of CGCBM samples (150 in total) were prepared to measure the compressive strength for different mix proportions and different ages (1 d, 3 d, 7 d, 14 d, 28 d).
e raw materials were mixed and poured into steel modules of 100 mm × 100 mm × 100 mm in size. After 24 h, the steel modules were removed, and the samples were placed in a humid room for curing. e temperature and humidity of the room are kept constant (20 ± 2°C and 95%) to ensure the curing condition similar to the underground coal mine. e CGCBM samples were prepared to measure compressive strength for different ages following a predetermined curing period. Based on the previous work, it was predicted that the 
where f m is cube compressive strength, MPa; F is the specimen failure load, N; and A is the pressure area of the test piece, mm 2 .
SEM and XRD Studies on CGCBM Samples
. e microstructure and texture of some fractured samples obtained from compressive strength tests after 28 days were examined under a JSM-7001F thermal field emission scanning electron microscope (TFSEM) which also can be used to measure energy dispersive spectrometry (EDS). SEM was operated at an accelerating voltage of 15 kv. Powder samples we soaked in alcohol to cease further hydration and dried in an oven. en, they were put on the rotating observation deck under SEM to be measured. XRD was used determine the product of fractured section.
Results and Discussion
Based on Sections 2.2.1, 2.2.2, and 2.2.3 to test slump, slump flow, yield shear stress τ 0 , plastic viscosity η, bleeding rate, and compressive strength, the test results are shown in Table 4 . Especially for J1, τ 0 dropped from 634.4 to 384.7, nearly to 40%.
Yield Shear Stress.
Compared with the control group NO. 0, yield shear stress of the fresh mixture with WRA significantly decreased, which means that the mixing of WRA contributed to the decrease of τ 0 and the fresh paste is more flexible. e trend of τ 0 with the dosage is similar for the two WRs, i.e., with the increase of dosage, τ 0 declined. But some distinction exists as shown in Figure 2 . For WRA1, the rangeability of τ 0 is large when the dosage increased from 1.0% to 1.5%, then τ 0 decreased slowly. When the dosage increased from 1.75% to 2.0%, the reduction of τ 0 is only 8.1 Pa which is much less than 153.0 Pa corresponding to that of the same addition from 1.0% to 1.25. Diversely, the yield shear stress roughly linearly cut down with the dosage increase of WRA2. Obviously, the effect of WRA2 on τ 0 is more remarkable, when 0.2% WRA2 were mixed (NO. J1), τ 0 dropped from 634.4 to 384.7, nearly to 40% that is a small result because the decrease of water-binder ratio is not considered. In the process of test, it was observed that segregating occurred when the dosages are 2% for WRA1 and 0 for WRA2, and the latter is more sensitive to water and less prone to be controlled. So, 2% and 0.6% are the upper values.
Plastic Viscosity.
e dosage of WRA has important influence on plastic viscosity η of fresh mixture as shown in Figure 3 . Obviously, the trend of η with the dosage of WRA is averse to that of τ_0. η grows rapidly when the dosage of WRA1 varies from 1% to 1.5% (by weight of binder), and the increase is inconspicuous when the dosage is greater than 1.5%. Compared with the group NO. 0, when the dosage of WRA1 is 1.0%, η decreases from 7.9 Pa·s to 2.3 Pa·s, reduced by 70.9%. η is greater than NO. 0 when the dosage of WRA1 varies from 1.25% to 2.0%, when the dosage of WRA1 is 1.5%, η increases from 7.9 Pa·s to 12.1 Pa·s, increased by 53.2%. η is only increased 0.3 Pa·s than NO. N3 when the dosage of WRA1 varies from 1. 5% to 2.0%. erefore, when the dosage of WRA1 is greater than 1.5%, the improvement effect of η is not significantly changed.
e effect of WRA2 is more obvious, compared with the group NO. 0, η is lower than NO. 0 when the dosage of WRA2 is 0.2% and 0.3%, η drops from 7.9 Pa·s to 1.7 Pa·s and 5.9 Pa·s, respectively. η is greater than NO. 0 when the dosage of WRA2 varies from 0.4% to 0.6%, when the dosage of WRA2 is 0.5%, η increases from 7.9 Pa·s to 17.6 Pa·s. However, when 0.6% WRA2 was added, it drops to 10.5 Pa·s. In this case, the coarse aggregate submerged for the intense dispersion effect of WRA2 and the lower slurry tightly stick to the container bottom of the rheometer (i.e., the so-called "scratch ground" phenomenon). e measured plastic viscosity is the dilute liquid of the upper layer material, and the viscosity is small. erefore, it is recommended to control the WRA1 and WRA2 doses to within 1.5% and 0.5%. In contrast, WRA1 performance is relatively stable. erefore, it is recommended to control the WRA1 and WRA2 doses to within 1.5% and 0.5%. In contrast, WRA1 performance is relatively stable.
Both WRA1 and WRA2 can significantly improve the rheological properties of fresh materials. Add 1.5% WRA1 and 0.4% WRA2 to the filling slurry, τ_0 is decreased from 634.4 Pa to 301.6 Pa and 314.7 Pa, respectively. η is increased from 7.9 Pa·s to 12.1 Pa·s and 8.5 Pa·s.
Slump and Slump Flow.
Slump and slump flow indicate the ability of flow under gravity action, which is the macroindex describing the rheological property of fresh paste and more conveniently be obtained in practice. e more the slump and slump flow are, the better the rheological property of fresh paste is. e two indexes show a growing tendency with the increase of WRA1 in Figure 4 (a). In Figure 4(b) , the variation of slump and slump flow is complex. When the dosage varies from 0.2% to 0.5%, the two indexes roughly first rise and then decrease. And when the dosage is 0.6%, the indexes are abnormal and the reason is described in the above section. Compared with the control group, not only the dosage of water was saved by 10.4%, but also the rheological property of fresh paste was dramatically improved when the water reducers were added. In the test, all slumps >230 mm and slump flows >400 mm, which meet the technological requirements.
Variation of four indexes manifests that the mix of WRA effectively improved the workability of fresh CGCBM for the mixing of WRA which contributes to increase the Advances in Materials Science and Engineering electrostatic repulsion between molecules, decrease surface tension of interface between solid and liquid, and decrease the wetting angle. In this test, the two WRAs are strong electrolytes with negative charges; if they were mixed, the lipophilic group will actively adhere to the surface of cement and fly ash particles, and the hydrophilic group will direct to water molecules [26] [27] [28] [29] [30] . is directional arrangement of WRA molecules makes the surface of cement and fly ash particles absorbed with like charge and form water film with a certain thickness which prevent forming flocculated structure. Solid particles were dispersed and lubricated of fresh mixture for the mixing of WRA, so yield shear stress τ 0 reduced and slump enhanced and the degree is relating with the dosage of WRA. Meanwhile, WRAs are viscous, salvation film will form when they dissociate in water film between particles which enhance the viscosity of mixture. erefore, plastic viscosity η increased. To prepare desired fresh CGCBM mixture with good flowability, homogeneity, segregation resistance, pumpability, yield shear stress τ 0 , and plastic viscosity η, slump and slump flows should keep in a certain range [31] . e range of slump and slump flow are often determined according to experience, for CGCBM, they are >230 mm and 400 mm, respectively. e range of τ 0 and η is not reported in related literatures.
Bleeding Rate of Fresh CGCBM.
For fresh paste, the cemented material (cement and fly ash) particles with different charges will absorb each other to form a flocculated structure in the early stage of hydration and the water was enclosed in it. In the standing process, the enclosed water will bleed through the capillary pore which has some side effect on the property of paste [32] . So, a lower bleeding rate is favoured in practice. In the test, water reduced was added to cut down the dosage of water to decrease the bleeding rate. It can be found that in Table 4 and Figure 5 , except N5, all bleeding rates are less than 4.9% that of the control group. But because the water was cut down by 10.4% for N1-N5 and J1-J5, their bleeding rate is larger than that of the control group and increases with the dosage of WRA. e reason is that part of mixed water was dispersed by active substance when WRA was added and bleeding out through communication pore. WRA2 has more branches to conjugate water molecules, and water retaining capacity is better; consequently, the bleeding rate of the corresponding mixture is lower.
Cube Comprehensive Strength of Hardened CGCBM.
e test results of CGCBM compressive strength are shown in Table 4 and Figure 6 , compared with the group NO. 0, mixing of WRA1 is helpful to enhance the early age strength. e compressive strength of the cube at 1 day was above 0.4 MPa, which was twice the strength of the group NO. 0. And the compressive strength increases with the increase of WRA1 content. At 3 days, the compressive strength of the cube increased with the increase of the WRA1 content, but the compressive strength no longer increased after the content was 1.5%. At 7 days, the compressive strength of the cube did not change much with the increase of the WRA1 content, and remained at the level of 3 MPa. At 14 days and 28 days, the compressive strength of the cubes changed similarly, showing a trend of increasing first and then decreasing. When the WRA1 content was 1.5%, the compressive strength of the cubes at 14 days and 28 days was the largest, which were 1.39 times and 1.43 times of the group NO. 0 cubes, respectively. WRA2 strengthens the early compressive strength of CGCBM more obviously. Cube compressive strength increased up to 4 times at 1 day. e compressive strength of CGCBM cubes at all ages increased first and then decreased with the increase of WRA2 content. At 1, 3, and 7 days, the compressive strength of the cube reached the maximum when the WRA2 content was 0.5%. Cube compressive strength is 0.8 MPa, 2.5 MPa, In summary, both types of water-reducing agents have a continuous enhancement effect on the compressive strength of the CGCBM. e overall performance of the material is better, when the dosage of WRA1 alone is 1.5% or the dosage of WRA2 alone is 0.4%. WRA1 is affected by physical factors, because the WRA reduces the amount of water used in mixing, at the same time, the water bleeding rate is reduced, so the cracks and voids caused by a large amount of water bleeding during the material hardening process are reduced, and the density is enhanced [33] . WRA2 is affected by chemical factors, because WRA can not only uniformly disperse the interfacial cementing material (Fe(OH) 3 ) (by SEM and XRD tests, as shown in Figures 7 and 8 ) and avoid the agglomeration of iron oxide gel, but also promote the hydration and pozzolanic reaction of gelling materials, enhancing the thermal movement between fine particles, so that fine minerals not participating in the reaction are filled into the interface transition zone, and the structure of the transition zone is optimized, thereby improving the interface structure and the CGCBM strength.
SEM and XRD of CGCBM Sample.
To explore the mechanism of water reducer on the strength of paste, the damaged sections of samples were analysed by TFSEM, as shown in Figure 7 , in which images A-C are the pictures of damaged sections, and images D-F is the SEM picture amplified 1000 times.
It was detected in images A-C of Figure 7 that (1) some coal gangue was covered by rufous solid matters in the damage section, and the colour in images B and C is lighter. XRD (Figure 8 ) confirmed that it is Fe(OH) 3 . e reason is Advances in Materials Science and Engineering that the coal gangue collected from Gao Yang coal mining contains active iron-rich minerals (as shown in Table 1 ) that are prone to ooze out of coal gangue in moisture circumstance and the Fe 3+ and Fe 2+ will combined with hydroxyl ions and form Fe(OH) 3 gel and Fe(OH) 2 , then Fe(OH) 2 was oxidized to form Fe(OH) 3 gel. During drying, the gel will dehydrate and become rufous powder.
is powder is harmful to the interface strength. For the dispersive action of water reducer, the iron-rich minerals evenly distribute over the surface of coal gangue which lead to the Fe(OH) 3 Figure 9 ), it was found that the needle products and sheet products are ettringite (Aft) and C-S-H gel, respectively. Also, it can be found that the connection of cemented material transit from cross linking of needle products to stacked linking of sheet products. It was illustrated that the surface tension of solid/liquid interface was decreased after the WR was added, and the inner Advances in Materials Science and Engineering active matter of cemented material particle is subject to strip. So, the hydration and pozzolanic reaction were promoted to generate more compact C-S-H gel; then, the interface bonding was strengthened. Meanwhile, the connection manner of hydrated products was changed making the paste denser.
To sum up, the contribution of WRA is (1) uniformly dispersing interface binding material, avoiding the accumulation of Fe(OH) 3 , and improving interface structure, (2) promoting hydration and pozzolanic reaction and increasing the bond strength, and (3) improving the connection manner of cemented material to increase the density.
WRA2 (polycarboxylate superplasticizer) is of a special molecular structure, which is not only combined with the electrostatic repulsion and space steric hindrance, intensifying thermal motion between particles to promote reaction, but also is of many combining positions, strengthening the interface connection. However, WRA1 (naphthalene water reducer) promotes the hydration only by electrostatic repulsion. us, WRA2 is more effective for the increasing of compressive strength.
Conclusions
is study reveals the influence of the addition of naphthalene series (WRA1) and poly carboxylic acid (WRA2) based water-reducing admixtures (WRA) on the rheological and mechanical properties of CGCBM produced from coal gangue. e addition of these WRA appeared to improve the fluidity, stability, and the strength development of CGCBM. After adding WRA, the water-to-cement ratio of CGCBM decreased from 0.67 to 0.6 without increasing binder dosage. Adding WRA can reduce yield stress (τ 0 ), increase plastic viscosity (η), not make any significant change in slump, increase the slump flow significantly, and improve the fluidity of CGCBM effectively. e bleeding rate increases with the increase in the amount of WRA, leading to a gradual decrease in stability. WRA can effectively improve the compressive strength of CGCBM, and the strength at the later stage increases first and then decreases with the increase of the dosage. Considering the effects of WRA on the fluidity, stability, and compressive strength properties of CGCBM, the reasonable content of WRA1 and WRA2 is 1.5% and 0.4%, respectively.
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